The current study evaluated the effect of primers on the shear bond strength of an indirect composite material joined to a silverpalladium-copper-gold (Ag-Pd-Cu-Au) alloy (Castwell). Disk specimens were cast from the alloy and were air-abraded with alumina. Eight metal primers were applied to the alloy surface. A light-polymerized indirect composite material (Solidex) was bonded to the alloy. Shear bond strength was determined both before and after the application of thermocycling. Two groups primed with Metaltite (thione) and M. L. Primer (sulfide) showed the greatest post-thermocycling bond strength (8.8 and 6.5 MPa). The results of the X-ray photoelectron spectroscopic (XPS) analysis suggested that the thione monomer (MTU-6) in the Metaltite primer was strongly adsorbed onto the Ag-Pd-Cu-Au alloy surface even after repeated cleaning with acetone. The application of either the thione (MTU-6) or sulfide primer is effective for enhancing the bonding between a composite material and Ag-Pd-Cu-Au alloy.
INTRODUCTION
The use of composite veneering systems for restorations and dentures has increased substantially. This trend is most likely due to the improvement in wear resistance 1) , hardness 2) , and color stability [3] [4] [5] of the composite materials. One of the disadvantages of a composite facing technique is poor durability of the bond between the veneer material and metal framework compared with the techniques to fuse porcelain to metal. Clinical studies have reported that fracture and veneer-metal interfacial staining occurred because of insufficient bond strength between the composite material and metal structure [6] [7] [8] . Recently, a bonding technique using a metal primer containing an adhesive monomer was developed to improve the bond strength between the veneer material and metal framework.
An early bonding technique between the veneer material and noble metal alloys consisted of the metal being air-abraded with alumina (50 μm grain size), electroplated with tin, and then primed with a functional monomer, e.g., 4-methacryloyloxyethyl trimellitate anhydride (4-META) 9, 10) or 10-methacryloyloxydecyl dihydrogen phosphate (MDP) 7, 10) . The functional monomers, such as carboxylic anhydride or phosphate were effective for bonding base metal alloys 11) , metal oxide ceramics 12) , enamel 13) , and dentin 14) . In various countries, bonding techniques for composite and noble metals have used a silica-coating and silane coupling agent for the metal surface [15] [16] [17] . In 1983, 6-(4-vinylbenzyl-n-propyl)amino 1,3,5-triazine-2,4-dithiol, -dithione tautomer (VTD) was developed 18) . The VTD monomer is categorized as a polymerizable sulfur compound. Atsuta et al. reported that a metal primer containing VTD and 4-META/MMA-TBB opaque resin improved the bonding between the composite resin and noble alloy 19) . Another functional monomer that contains sulfur is 6-methacryloyloxyhexyl 2-thiouracil-5-carboxylate (MTU-6). Matsumura et al. reported that a metal primer containing MTU-6 improved the bond strength between the composite resin and noble alloy 20) . In Japan, a silver-palladium-copper-gold alloy (AgPd-Cu-Au alloy) is widely used in the fabrication of cast restorations and resin-bonded fixed partial dentures (RBFPDs). For the successful performance of RBFPDs, a strong bond to the Ag-Pd-Cu-Au alloy is important. The application of airborne-particle abrasion and priming agents containing functional monomers e.g., VTD or MTU-6, improves the bond strength and durability between the noble alloy and luting materials 10, [21] [22] [23] [24] [25] [26] [27] . In addition, clinical results showed considerably long survival periods for RBFPDs and restorations made of noble alloys that were bonded with primers containing VTD or MTU-6 [28] [29] [30] [31] [32] [33] . The use of priming agents containing organic sulfur compounds was recently reported to effectively enhance the bonding between noble metals, e.g., gold, silver, platinum, palladium, and luting materials [34] [35] [36] . In addition, the bonding mechanism between the noble metals and functional monomers that contain sulfur has been analyzed [37] [38] [39] .
Effect of thione primers on adhesive bonding between an indirect composite material and Ag-Pd-Cu-Au alloy 45) Several studies have shown that adhesive bonding between indirect composites and alloy surfaces is affected by many factors: hydrolysis, loading, thermal changes, and polymerization of the opaque resin 20, [40] [41] [42] [43] [44] . This study evaluated the effect of thione primers on the shear bond strength and durability of an indirect composite joined to a Ag-Pd-Cu-Au alloy.
MATERIALS AND METHODS

Materials
A silver-palladium-copper-gold alloy (Ag-Pd-Cu-Au, Castwell M.C. 12, GC Corp., Tokyo, Japan) designed for cast restorations and fixed partial dentures was selected as the substrate material. Eight metal priming agents, including Alloy Primer, Estenia Opaque Primer (Kuraray Noritake Dental Inc., Tokyo, Japan), M.L. Primer, Metal Photo Primer (Shofu Inc., Kyoto, Japan), Metaltite, Universal Primer (Tokuyama Dental Corp., Tokyo, Japan), Monobond Plus (Ivoclar Vivadent AG, Schaan, Liechtenstein), and V-Primer (Sun Medical Co., Ltd., Moriyama, Japan), were chosen as the bonding promoters. Universal Primer is a two liquid primer, whereas the other primers consist of a single liquid and contain at least one adhesive functional monomer (Table 1) . A light-activated indirect composite (Solidex, Shofu Inc.) was used as the veneering material. The information on the materials used in this experiment is summarized in Table 1 .
Shear bond strength testing
A total of 198 disk-shaped specimens (10 mm in diameter and 2.5 mm in thickness) were cast from the alloy and age-hardened according to the manufacturer's specification. All disks were wet-ground with a 600-grit silicon carbide abrasive paper (Wet or Dry Tri-M-ite, 3M, St. Paul, MN, USA), followed by air-abrasion with alumina (50-70 μm, Hi-Aluminas, Shofu Inc.) for 10 s.
The air-pressure was 0.5 MPa and the distance between the orifice and the metal surface was approximately 10 mm (Jet Blast II, J. Morita Corp., Suita, Japan). The abraded surface was then air-blasted with compressed air.
The disks were divided into nine sets of 22 disks. One set of 22 disks was left unprimed. Each of the eight primers was applied separately to the metal surfaces of 22 disks with a sponge pellet. Universal Primer A and B were mixed according to the manufacturer's instructions. The mixed liquid was applied to the metal surface, left for 10 s, and then air-dried.
A piece of double-coated tape with a circular hole of 5 mm in diameter was positioned on the surface of each metal specimen to define the bond area. A thin layer of an opaque resin (Solidex Opaque A3O, Shofu Inc.) was applied to the metal surface and exposed to light for 180 s in a polymerizing unit (Solidilite, Shofu Inc.). After light-exposure, a stainless steel ring (6 mm inside diameter and 2 mm height) was placed around the opaque resin. The ring was filled with a dentin shade of the indirect composite material (Solidex Dentin A3B, Shofu Inc.). A cover glass was used to apply pressure via a resin compression sheet (polyethylene film, GC Corp.) with a force of 5 N to flatten the light exposed surface of the material during light exposure for 180 s in the polymerizing unit (Solidilite).
After 30 min of preparation, the specimens were immersed in water at 37˚C for 24 h and were defined as the pre-thermocycling group. The 22 disks were then divided into two groups of 11 specimens in which half (nine sets of 11 specimens) were tested for 24-h shear bond strength at a 0 thermocycle. The remaining specimens were placed in a thermocycling apparatus and cycled between 5˚C and 55˚C water with a 60 s dwell time per bath for 20,000 cycles. The specimens were positioned in steel molds, and seated in a testing jig. The shear bond strengths were determined by means of a mechanical testing device (Type 5567, Instron, Canton, MA, USA) at a crosshead speed of 0.5 mm/min.
Failure mode analysis
After testing the shear bond strength, the debonded surfaces were observed with an optical microscope (8×, SZX9, Olympus Corp., Tokyo, Japan), and the failure modes were recorded as either an adhesive failure at the composite-alloy interface (A) or as a combination of cohesive and adhesive failures (CA). The cohesive failure ratios were calculated by using image analysis and measurement software (LM eye, Lasertec, Yokohama, Japan). The cohesive failure ratios were calculated with the following equation: Cohesive failure ratio (%)=Cohesive failure area (mm 2 )×100/Bonded area (19.63 mm 2 ). The specimens were observed with a scanning electron microscope (SEM, S-4300, Hitachi HighTechnologies Co. Ltd., Tokyo, Japan) operated at 15 kV.
X-ray photoelectron spectroscopic (XPS) analysis
The primed and unprimed surface of the Ag-Pd-Cu-Au alloy disks were analyzed by X-ray photoelectron spectroscopy (XPS, AXIS-HS, Kratos Analytical Ltd., Manchester, UK). Four surface conditions were assessed, including 1) ground with 600-grit silicon carbide abrasive paper, 2) ground and primed with Metaltite, 3) alumina-blasted, and 4) alumina-blasted and primed with Metaltite. All specimens were rinsed 3 times with acetone (Sigma-Aldrich Japan Co., LLC., Tokyo, Japan) prior to XPS analysis.
A mono-Al-Kα X-ray source was operated at 150 W in a high vacuum environment of 10 −7 Pa. A wide scan spectrum (0-1,200 eV) was obtained to examine the surface of the specimens. High-resolution narrow range scans were also performed for selected specific photolines (Cu 2p, O 1s+Pd 3p, N 1s, Ag 3d, Pd 3d+Au 4d, C 1s, S 2p, Al 2s, and Au 4f). Wide and narrow scans were measured at a pass energy of 80 eV. All data were measured at a photoelectron take-off angle of 90˚.
The Ten replications of each specimen were analyzed and averaged to obtain the [N 1s/S 2p] ratios.
Statistical analysis
After the shear bond strength testing, the mean, standard deviation, and interquartile range of 11 specimens were calculated. The Kolmogorov-Smirnov test (GraphPad Prism 6 for Windows, GraphPad Software Inc., La Jolla, CA, USA) was primarily used. When the results of the Kolmogorov-Smirnov test did not show a normal distribution, the Kruskal-Wallis test and Dunn's non-parametric comparison test (GraphPad Prism 6) were performed. The value for significance was set at α=0.05 for all analyses.
RESULTS
Shear bond strength testing
The Kolmogorov-Smirnov test revealed that several groups did not show normal distributions (postthermocycling; VP, MP, and UP). Therefore, these groups were analyzed with the Kruskal-Wallis test and Dunn's non-parametric comparison tests. The Kruskal-Wallis test showed that the χ 2 value was 40.39 for the pre-thermocycling group and 72.22 for the post-thermocycling group. The p-value was less than 0.01 for both the pre-and post-thermocycling bond strengths. Thus, the pre-and post-thermocycling results were analyzed separately using Dunn's multiple comparisons.
The results for the shear bond strength are summarized in Table 2 . The pre-thermocycling median bond strengths varied from a minimum of 6.7 MPa to a maximum of 15.8 MPa, and they were categorized into three groups (categories a-c). Among the prethermocycling groups, seven groups showed the greatest bond strengths (12.0-15.8 MPa, category a), whereas MB and VP showed the lowest bond strengths (6.7-8.9 MPa, category c). The post-thermocycling median bond strengths varied from 0.2 to 8.8 MPa and were categorized into five groups (categories d-h). Among the post-thermocycling groups, MT and ML showed the greatest bond strengths (6.5-8.8 MPa, category d), whereas MP and UP showed the lowest bond strengths (0.2-0.3 MPa, category h). As shown in Table 1 , MT and ML contained either a thione (MTU-6) or a sulfide (10-MDDT) compound. These results suggest that the use of MTU-6 or 10-MDDT enhances the adhesive durability to the Ag-Pd-Au-Cu alloy as compared with other monomers. The post-/pre-thermocycling bond strength ratios varied from 3.6 to 56.1%.
Failure mode analysis
The failure mode after shear testing and the cohesive failure ratios are summarized in Table 3 . The prethermocycling cohesive failure ratio varied from a minimum of 2.0% (AP) to a maximum of 53.6% (UV), and the post-thermocycling cohesive failure ratio was within the range from 0 (UP and AP) to 7.9% (MT). The combination of adhesive and cohesive failures (CA) was reduced for the majority of groups by application of thermocycling. Figure 1 demonstrates the scanning electron micrograph of the air-abraded metal alloy surface. The alumina particles generated an irregular pattern. Figures 2 and  3 show representative debonded Ag-Pd-Cu-Au alloy surfaces after thermocycling. Slight composite resin remnants can be observed in the specimens primed with Metaltite (Fig. 2) . Figure 3 shows an irregular pattern similar to the example in Fig. 1 .
SEM observation
XPS analysis
The high resolution scans identified silver, palladium, copper, gold, nitrogen, and sulfur on the surface of the specimens (Fig. 4) . For quantification, the Cu 2p, O 1s+Pd 3p, N 1s, Ag 3d, Pd 3d+Au 4d, C 1s, S 2p, Al 2s, and Au 4f peaks were analyzed (Figs. 5 and 6, Table 4 ). Figure 4 shows the XPS wide scan spectra of a ground Ag-Pd-Cu-Au plate (control), Ag-Pd-Cu-Au plate treated with Metaltite, and Ag-Cu-Pd-Au plate aluminablasted and treated with Metaltite. The spectra of the Ag-Pd-Cu-Au plate treated with Metaltite and the AgCu-Pd-Au plate alumina-blasted and treated with Metaltite showed significant decreases in the intensity of the Cu, Ag, Au, and Pd peaks. Figure 5 shows the XPS narrow scan spectra of the N 1s region. When the Ag-Pd-Cu-Au plate was treated with Metaltite, the intensity of the N 1s peak was detected in the spectra (Figs. 5b and c) . Figure 6 shows the XPS narrow scan spectra of the S 2p region. Similarly, when the Ag-Pd-Cu-Au plate was treated with Metaltite, the intensity of the S 2p peak was detected in the spectra (Figs. 6b and c) .
The results of the atomic concentrations are summarized in Table 4 
DISCUSSION
This study evaluated the effects of the chemical ingredients in primers on the shear bond strength and durability of the indirect composite joined to the AgPd-Cu-Au alloy. The results of the Kruskal-Wallis test gave a p-value less than 0.01 for both the pre-and postthermocycling bond strengths. There were significant differences among the surface treatments in both shear bond strength and durability.
Yamashita et al. reported that priming with AP or VP containing a thione monomer (VTD) provided a strong and durable bond strength between the AgPd-Cu-Au alloy and a tri-n-butylborane (TBB) initiated methyl methacrylate luting material 36) . Suzuki et al. analyzed a bonding mechanism between the VTD monomer and Au, Ag, and Cu metals by means of Raman spectroscopy 38) . The adhesive durability of the specimens primed with AP or VP was not excellent in the current study (categories f and g). The authors speculate that the compatibility of the VTD vinyl monomer to the photoinitiators is inferior to the other methacrylated sulfur compounds 23, 24, 36, 41) . The post-thermocycling bond strengths between the indirect composite material and Ag-Pd-Cu-Au alloy were less than 10 MPa. These results are lower than the value proposed for clinical success 41) . The authors hypothesize that the low values of the adhesive durability were derived from the contraction gap generated during polymerization of the indirect composite. The low values found in the failure mode analyses support this speculation. Matsumoto et al. reported that a long irradiation time with low intensity was effective for enhancing the shear bond strength between an indirect composite and a Ag-Pd-Cu-Au alloy 42) . Therefore, the authors trust that improvements in the polymerization of the composite material are a critical factor for the enhancement of the adhesive durability between the metal framework and indirect composite material. Figure 4 shows the XPS wide scan spectra of the Ag-Pd-Cu-Au plates. The peaks of the binding energy shift to low values after MT treatments. This result indicates that MT treatment produces different chemical states of Cu, Ag, Au, and Pd. Figures 5 and 6 show the XPS narrow scan spectra of the Ag-Pd-Cu-Au plates. When an Ag-Pd-Cu-Au plate was treated with MT and then rinsed in acetone, sulfur and nitrogen peaks were still detected. The MT contains the functional monomer MTU-6. The molecular formula of MTU-6 is C 15H20N2O5S; thus, the atomic proportion of nitrogen and sulfur is 2:1. The results of [N 1s]/[S 2p] indicated that the sulfur and nitrogen originating from MTU-6 could clearly be detected even after the Ag-PdCu-Au plates were rinsed with acetone. These results clearly suggest that MTU-6 can be strongly adsorbed onto the Ag-Pd-Cu-Au alloy surface.
Although UV contained MTU-6, MT and UV showed a significant difference in the adhesive durability (categories d, e, and f). The authors speculate that various monomers in the UV primer could have inhibited the effect of MTU-6.
Within the limitations of the current study, it can be concluded that application of either a thione (MTU-6) or sulfide (10-MDDT) primer enhances the shear bond strength between the Solidex composite material and the Castwell Ag-Pd-Cu-Au alloy. The MTU-6 monomer was adsorbed onto the Ag-Pd-Cu-Au alloy surface even after repeated cleaning with acetone.
